We propose a polarizer-free liquid crystal display (LCD) consisting of two microlens array (MLA) layers, a twisted nematic (TN) LC layer, and two light-blocking masks. By changing the polarization state, focal length of the LCD can be controlled. Since two light-blocking masks have a circular stop pattern and a complementary open pattern, entire grayscale spectrum may be realized by controlling the intensity of light passing through masks. Ultimately, fast response time characteristics could be achieved due to the alignment of LC molecules on the flat MLA surface. 
Introduction
Liquid crystal displays (LCD) have been widely utilized in flat panel displays and various optical applications due to their high performance characteristics and low power consumption. Because LCDs use the anisotropic optical properties of LCs to control the properties of the incident light, optical components such as polarizers and optical compensators must be included in the devices. Unfortunately, these optical elements limit the transmittance characteristics and increase the device cost. In LCDs, a polarizer situated in front of the backlight unit can reduce the amount of available light by 50%. To eliminate the need for polarizers in LCDs, polymer-dispersed LC, cholesteric LC, and guest-host LC modes have been suggested [1] [2] [3] [4] [5] . However, specific problems such as a low contrast ratio, high driving voltage, and slow response time characteristics are associated with these modes.
In our previous work, we described an LCD mode with a single polarizer based on a microlens array (MLA) [6] . While a low driving voltage and fast response time characteristics could be achieved with the devised system, the transmittance was still low and the display showed polarization-dependent properties. In a subsequent report, we detailed a polarizer-free LCD that uses an electrically switchable LC MLA with light-blocking layers [7] . This device allowed the entire grayscale spectrum to be realized with a high contrast ratio by controlling the electric field. However, the response time characteristics were still slow because the LC molecules possessed a spiral structure on the indented lens surface.
In this paper, we propose a polarizer-free LCD containing two MLA layers and an LC layer with light-blocking masks. The twisted nematic LC mode changes the polarization state and refractive index of incident light based on the applied voltage. As a result of index matching between the polymer lens and the LC layer, the MLA can change the focal length. In addition, by adopting both a circular stop mask and a complementary open mask, grayscales as well as black and dark device states can be realized depending on the focusing state of the MLA with the LC layer. Figure 1 shows the operating principle of the proposed polarizer-free LCD. The pixels consisted of switching, focusing, and light-blocking components. Here, a twisted nematic LC mode sandwiched between two focusing parts was employed as the switching element. The focusing part was composed of a surface relief structure filled with a liquid crystalline polymer (LCP). Due to the birefringence property of the LCP, the focusing assembly exhibited polarization-dependent characteristics. The light-blocking parts consisted of a circular light stop mask (the first black matrix (BM)) and a complementary open mask (the second BM).
Operating principle
In the absence of an applied voltage, the LC layer changes the polarization direction of light due to waveguide effect of the twisted nematic LC mode. The incident x-axis beam passes through the top MLA layer without any change because the refractive index of the surface relief polymer is identical to the ordinary refractive index of the LCP. The polarization direction of the x-axis light is then changed to the y-axis after passing through the LC layer. The y-axis polarized light goes through second MLA layer without any change due to same reason given above for the first MLA layer. This light is then blocked at second BM layer. The incident y-axis beam is subsequently refracted at the interface between the lens polymer and LCP layers as a result of the different refractive indices of the materials. However, the direction of polarization is maintained. Upon passing through the LC layer, the direction of the light is changed to the x-axis. The light is then refracted and focused due to the difference between the refractive index of the polymer and the extraordinary refractive index of the LCP. Ultimately, the light is blocked at the first BM layer, resulting in a black state when no voltage is applied.
When an electric field is applied to the cell, the LC molecules are raised and aligned vertically with a positive dielectric constant, and the effective refractive index is equivalent to the ordinary refractive index of the LC. The incident x-axis beam passes through the top MLA and LC layers without any change, but is refracted at the interface between the polymer and LCP layers. The light then passes the light blocking layers because its focal length is longer than the distance of the f 2 -plane. The incident y-axis beam is refracted at the interface between the lens polymer and LCP layers. The polarization direction of the light is maintained after the LC layer, and the beam passes through the second MLA layer without refraction. As this light also passes the two blocking layers, the cell shows a white state under an applied voltage. A schematic diagram of the LCD fabrication process is shown in Fig. 2 . The BM layers were patterned on both sides of a cleaned glass substrate with aluminum (Al) using a conventional lift-off photolithographic method. The diameter and pitch of the circular stop mask (the first BM) were 50 μm and 200 μm, respectively. The circle size was selected by considering the focused beam size at the voltage off state. For the complementary open mask (the second BM), the diameter and pitch were 40 μm and 200 μm, respectively. The size of the open circles was designed smaller than the circle size of the 1st BM for good black property. To prepare the MLA layer, a UV-curable polymer (NOA60, Norland, n p = 1.56) was first spincoated onto a glass substrate. The polymer was then exposed to UV light passed through a photomask (100 μm diameter, 200 μm pitch) for 60 s. The spatial modulation of the UV light intensity produced a variation in the monomer density and thus, UV-curable monomers diffused from blocked regions to unblocked areas so as to maintain the relative monomer density [8, 9] . For complete polymerization of the surface relief structure, irradiation with UV light was performed for 10 min without a photomask. Next, a planar alignment material (RN1199, Nissan Chemical) was spin-coated onto the surface relief structure and rubbed unidirectionally. The rubbing directions for the top and bottom MLA layers were along the y-axis and x-axis, respectively. Finally, LCP (RMS03-001C, Merck) was spin-coated onto the surface relief structure twice and irradiated with UV light for 10 min to ensure polymerization. The extraordinary (n e ) and ordinary (n o ) refractive indices were 1.68 and 1.54, respectively. A sputtered indium tin oxide (ITO) layer was utilized as an electrode, and RN1199 was coated and rubbed cross-wise on both the top and bottom substrates in a direction identical to the alignment of the LCP. To maintain the cell thickness, 3.0 μm glass spacers were employed. The nematic LC (ZKC5085, Chisso, n e = 1.650, n o = 1.499) was injected into the cell by the capillary effect at room temperature.
Experiments

Results and discussion
Figure 3(a) shows a cross-sectional scanning electron microscopy (SEM) image of the fabricated MLA. The UV-curable polymer formed the lens structure while the LCP layer appeared to be flat and uniform. Figure 3(b) displays the microscopic texture under crossed polarizers and the optical axis of the LCP according to a polarizer. The black state indicated that the LCP was well aligned unidirectionally. In Fig. 3(c) , the cell rotated by 45° with respect to the polarizers exhibits both the white state and focusing properties. The measured pitch (p) and depth (t) of the lens were 200 μm and 11 μm, respectively. Using the spherical model, the radius of curvature (R) of the lens was calculated to be about 350 μm, and the resultant focal length determined the position of the two BM masks. Figure 4 shows the optical system for calculating the position of the BM layers. The distance between the two lenses (d) and the depth of the lens (t) were on the order of micrometers, while the focal length was on the order of millimeters. Therefore, d and t were neglected and the focal lengths of the two lenses (f 1 and f 2 ) were approximately the same. The focal length of light through two lenses could be calculated according to expression. The calculated f and f 1 (or f 2 ) were 1.4 mm and 2.9 mm, respectively. These values were in good agreement with the measured f and f 1 (or f 2 ) of 1.1 mm and 2.3 mm, respectively; the discrepancies in the lengths can be attributed to the difference in the refractive indices n p and no. Based on these results, the blocking and complementary open masks were positioned at 1.1 mm and 2.3 mm, respectively. In the absence of an electric field, the x-axis polarized light ( Fig. 5(a) ) was focused. This light was refracted twice and will be blocked at the first BM mask. In contrast, the y-axis polarized light was defocused (Fig. 5(b) ) and will be blocked at the first and second BM masks. Under an electric field, a wider light beam is observed because the incident light, which is refracted once, has a longer focal length (f 1 ) in the x-, and y-axis directions (Figs. 5(c) and 5(d) ). Consequently, the light could pass through the two BM masks. The focusing properties could be confirmed by measuring the spatial light intensity profile at the focal plane (f). For verifying the focusing properties, we checked spatial profile of light intensity at the 1st focal plane with unpolarized light. At the center of the microlens, the beam profile resembles a Gaussian function. During the voltage off state, the beam has a higher intensity and presents a narrower curve (Fig. 6(a) ). However, at the voltage on state (10 V), the beam has a lower intensity and produces a wider curve when compared to the case of no applied voltage (Fig.  6(b) ). The full grayscale spectrum could thus be realized in the cell with two BM masks by controlling the applied voltage. Figure 7(a) shows the transmittance characteristics measured with an unpolarized He-Ne laser. The electro-optic switching properties are similar to those of a conventional black TN mode. Furthermore, the light efficiency of the fabricated sample was measured to be 18%. This efficiency value is somewhat low due to the aperture ratio of the two BM layers and the MLA. If the circular size of the two BM layers was optimized and a lens arrangement such as hexagonal structure was employed, the light efficiency can be increased. If we adapt a hexagonal structure, the light efficiency will be increase about 20%. And also, if we use the micro-transfer molding method for fabricating the microlens, we can additionally increase the light efficiency because the aberration of the microlens can be decreased. Images showing the microscopic textures at each applied voltage are displayed as insets in Fig. 7(a) . The response time characteristics depending on the applied voltage are presented in Fig.  7(b) . In our previous work [9] , we evaluated the response time properties on the relief structure. The switching speed of the LC molecules was found to be very slow (~1.2 s) because the effective electric field on the LC layer is different at every position and the LC molecules undergo a two-step switching process [10] . While the incorporation of polymerized reactive mesogens within the alignment layer [11, 12] served to improve the response time (85 ms), the obtained value was still rather slow. In the system proposed herein, the response time characteristics improved significantly to 12 ms at 8 V due to both the alignment of LC molecules on a flat surface and the TN structure.
Conclusions
In this study, a polarizer-free LCD with two MLA layers, a TN LC layer, and two light blocking masks was utilized to control the polarization state of incident light. In the absence of an applied voltage, y-axis light was refracted twice while passing through the MLA layers and blocked at the first BM circles. In contrast, x-axis light passed straight through and was ultimately blocked at the second BM layers because the TN LC layer changed the polarization direction of incident light. Under an applied electric field, the incident light was refracted once and had a long focal length. Since this light passed through the two BM layers, a white state was achieved. As a result, the entire grayscale spectrum could be realized by controlling the electric field. Fast response time characteristics were also obtained due to the formation of a flat surface for aligning the LC molecules.
